Introduction
In recent years, permeable reactive barriers (PRBs) have become important in situ treatments for polluted groundwater [1] . PRBs are defined as emplacements of reactive media situated in the subsurface and used to treat polluted groundwater flowing through them by transforming pollutants into less harmful compounds. Reaction mechanisms used in PRBs are chemical or biological degradation, sorption and precipitation [2] . Previous studies of PRB technology have focused on sorption, precipitation or chemical degradation [1, [3] [4] [5] [6] . Although some biological barrier studies have been [22, 23] , studies of PRBs in aquifers using fungi as a reactive medium have not been undertaken. This study was performed to fill this knowledge gap. The objective of this study is to demonstrate the suitability of groundwater remediation in a lab-scale artificial aquifer using the fungus Trametes versicolor. This fungus was chosen because it is able to degrade a wide variety of pollutants in both liquid and soil media, such as dyes [24] [25] [26] [27] , PAHs [28, 29] , endocrine disruptors [30, 31] , chloro-organic pollutants [21] and pharmaceutical and personal care products [32, 33] , among others. The azo dye Orange G was chosen as test contaminant for two different reasons. First, previous experiments have demonstrated that T. versicolor can extensively degrade Orange G by co-metabolic processes [25] . An initial pollutant concentration of 150 mg L −1 was degraded up to a percentage of 97% after 20 h of batch treatment at conditions that were optimal for fungal degradation: 25 • C, pH 4.5, glucose addition at a rate of 0.037 g glucose g −1 dry weight h −1 (carbon source), and ammonium chloride at a nitrogen/carbon (N/C) ratio of 0.85 mg g −1 (nitrogen source) [25] . Second, the use of Orange G allows visualisation of the evolution of the flow and the degradation of the pollutant along the artificial aquifer.
Materials and methods

Fungus and chemicals
T. versicolor (ATCC#42530) was maintained by subculturing on 2% malt extract agar slants (pH 4.5) at 25 • C. Subcultures were started every 30 days. Malt extract was obtained from Scharlau (Barcelona, Spain). Pellets were produced as previously described [34] .
Orange G was obtained from Sigma-Aldrich (Barcelona, Spain). All other chemicals used were analytical grade.
Lab-scale aquifer design and assembly
The artificial aquifer was simulated using a glass tank (1 m × 0.05 m × 0.15 m) with a total volume of 7.5 L (Fig. 1 ).
Aquifer matrix and biobarrier
The porous aquifer matrix was simulated with silica sand (particles 2-4 mm) (Fig. 1) , which was first washed with distilled water. The tank was filled with the porous media following the Slurry Packing methodology until reaching a height of 0.12 m [35] .
At the centre of the tank, a sand-free area was maintained in which the biobarrier, with the fungus in the form of pellets (2 mm diameter approximately), was installed (Fig. 1) . This space was delimited by two water-permeable plastic walls with a mesh pore size of 1 mm placed on each side of the biobarrier area in order to contain the sand. In each experiment, the dimensions of the biobarrier structure were selected to obtain the appropriate HRT to reach the required reaction time in the PRB. Three sampling points were used ( Fig. 1) : one in the aquifer inlet, a second one in the biobarrier and the final one in the aquifer outlet.
Polyurethane foam layers (1 cm wide) were placed between the matrix-free area and the sand to maximise fluid dispersion and guarantee complete mixing before and after circulation through the aquifer matrix.
Aquifer and biobarrier operating conditions
The synthetic dye wastewater (SDW) consisted of a solution of Orange G, glucose and ammonium chloride. In certain experiments, sodium bicarbonate was added to the SDW to generate a buffer. The Orange G concentration was kept constant in all the experiments at 150 mg L −1 , while the glucose and ammonium chloride concentrations were varied to satisfy the consumption rates of T. versicolor (active treatment) and the concentrations used are specified in the description of each experiment. When preparing the SDW, the pH was adjusted as specified in the description of each experiment. The solution was then sterilised prior to being pumped into the nonsterile aquifer. The inflow rate was chosen to simulate typical flow conditions of shallow aquifers, which correspond to a flow velocity of less than 2 m day −1 .
Air suppliers (Fig. 1 ) were used to introduce the required air flow into the biobarrier to maintain the metabolic activity of the fungus and the pellet biomass in fluidisation (active treatment). The air was distributed by stone diffusers situated at the bottom of the tank in the biobarrier.
Artificial aquifer characterisation
Orange G adsorption test
A test was performed to determine the losses resulting from the adsorption of the dye for each material present in the artificial aquifer. The tested materials were the silica sand, the plastic supports, the permeable plastic walls and the polyurethane foam.
Each material was added to a glass beaker containing 200 mL of an Orange G solution (150 mg L −1 ). The beaker was placed on a magnetic stirrer at 25 • C. The agitation speeds ranged from 500 to 1100 rpm. The time of contact of the materials with the dye solution was 48 h for all cases, except for the silica sand which was 71 h. Dye solution samples (1 ml) were collected to determine the change in Orange G concentration over time. 
Porosity
The porosity of the sand was determined by adding 255.5 g of sand to a 250 mL graduated cylinder that was filled with distilled water until the water level and the sand level were equal.
The effective porosity was determined by analysing the velocity of Orange G flow using the following equation [36] 
where is the effective porosity; t is the transit time between the two points being considered (h); q is the specific flow (cm h −1 ), which is defined as the coefficient between the inflow and the perpendicular section; and L is the distance (cm) between the two points being considered. The two points that define L are the initial silica sand placed at the entrance of the tank and the entrance of the biobarrier (Fig. 1) . t is defined as the time between the time at which the Orange G contacts the silica sand and the time when the dye arrives at the biobarrier space.
Experimental procedures
Orange G degradation in batch experiments
The objective of the experiments was the evaluation of the effect of temperature and pH on Orange G degradation by fungus. These experiments were performed in sterile conditions and in triplicate at different temperatures and pH. 250 mL Erlenmeyer flasks containing 150 mL of SDW (8 g L −1 glucose and 2.6 mg L −1 ammonium chloride) were used. Pellets were inoculated at a concentration of 66.7 g wet pellets L −1 , which corresponds to the biomass concentration used in previous dye degradation experiments by T. versicolor [24] . The flasks were then incubated in a shaking water bath (Lauda, Lauda-Königshofen, Germany), and the temperature was controlled by an RA120 cooling thermostat system (Lauda, Lauda-Königshofen, Germany). The treatments were performed at four different temperatures (15, 18, 20 and 25 • C) and two different initial pH values (6 and 7). The experiment to degrade buffered SDW, which also contained 300 mg L −1 sodium bicarbonate, was performed at 18 • C and initial pH 7. The orbital agitation speed was 150 rpm in all the experiments.
One millilitre samples were taken at various times to determine the change in Orange G and glucose concentrations over time.
Continuous treatment in the lab-scale aquifer
Two experiments measuring SDW degradation were performed in the artificial aquifer in a continuous mode and under non-sterile conditions (Table 1) . To reduce the experimental time, the artificial aquifer was first filled with SDW; then, the pump was turned on to introduce SDW into the aquifer. The inflow rate was kept at 14 mL h −1 in all of the experiments.
Experiment 1 was performed without temperature and pH control. SDW (optimum pH for the fungi of 4.5, glucose concentration equivalent to 0.037 g glucose g −1 dry weight h −1 and ammonium chloride concentration equivalent to an N/C ratio of 0.85 mg g −1 ) was used as inflow and an HRT of 41.3 h was selected. Pellets were inoculated at the same concentration as in batch degradation (Section 2.4.1).
Experiment 2 required changes to the aquifer system used in experiment 1. The volume of the biobarrier was increased Table 1 Parameter values for a PRB for orange G synthetic wastewater treatment in a labscale aquifer.
Experiment Biobarrier volume (L)
Pellets amount (g-dry weight)
HRT aquifer (h) HRT biobarrier (h) to 0.97 L to obtain an HRT of 70 h. HCO 3 − (300 mg L −1 ) in the form of sodium bicarbonate was added to SDW. Wastewater was adjusted to pH 7 and a glucose concentration equivalent to 0.013 g g −1 dry weight h −1 . Ammonium chloride composition was equivalent to an N/C ratio of 0.85 mg g −1 . SDW glucose concentration was varied during treatment to guarantee the stable metabolic activity of the fungus. A RA120 cooling thermostat system (Lauda, Lauda-Königshofen, Germany) was used to maintain temperature at 18 • C. The experimental system was equipped with a pH controller (Mettler Toledo, Barcelona, Spain) to measure and control the pH in the biobarrier with NaOH (0.075 M) and HNO 3 (0.15 M). For each experiment, 1 ml samples were taken daily at previously indicated sampling points to measure Orange G and glucose concentrations. Temperature and pH were measured daily using a pH 330i probe at the time of sampling (WTW, Weilheim, Germany).
Degradation percentage of Orange G was calculated according to the following equation:
where C in corresponds to Orange G concentration in the inflow and C out represents dye concentration in the outflow.
Analytical procedures
Colour was determined by spectrophotometric measurements at the visible maximum absorbance, 478 nm, using a Varian UV/Visible Cary spectrophotometer (Palo Alto, CA, USA). Glucose concentration was measured using an YSI 2000 enzymatic analyser (Yellow Springs, OH, USA). Pellet dry weight was determined after vacuum filtering the cultures through glass filters of known weight (Whatman GF/C, 47-mm-diameter, Maidstone, England). The filters containing the biomass were placed in glass dishes and dried at 105 • C to a constant weight.
Results and discussion
Aquifer characterisation
Adsorption tests showed that Orange G was not adsorbed by tested materials. Previous studies had demonstrated that the Orange G is adsorbed by the fungus during the first hours of the degradation process causes an observable colouration of the biomass surface and that this dye is subsequently degraded by the fungus. This degradation causes the colour to disappear from the fungal pellets without an observable increase in Orange G concentration in liquid phase [25] .
Before beginning the degradation experiments, the groundwater flow in the artificial aquifer was checked using Orange G (150 mg L −1 ) as a tracer. After 30.1 h, Orange G reached the zone of the biobarrier crossing it with a homogenous distribution due to the air supplied to maintain fluidization. Between 77 and 95 h after injection the dye concentration reached the outflow point. Using this information about the flow, the effective porosity was estimated to be approximately 36% using Eq. (1). This value is consistent with the 36.5% total porosity that was determined using a graduated cylinder.
Lab-scale aquifer experiment at non-controlled conditions
Experiment 1 was performed in non-sterile conditions and without controlling pH or temperature to simulate the conditions in a real aquifer. The glucose input was adjusted to 0.037 g glucose g −1 dry weight h −1 to limit the growth and promote the enzyme production of T. versicolor [25] . Orange G degradation percentage by the fungus under continuous treatment was expected to increase until a steady state was reached, after which point the degradation would remain constant. However, the evolution of degradation percentage of Orange G degradation was different from the expected value. After 26 h, the degradation percentage probably started to decline because of a decrease in temperature (Fig. 2) . The degradation became negligible when aquifer temperature dropped to 13.3 • C. This result shows that the artificial aquifer must be maintained at a constant temperature to simulate the conditions found in real aquifers. The experiment was continued to obtain additional information about the degradation process. The effect of low temperature was eliminated by installing a thermostat-controlled heater near the aquifer at 255 h. The heater increased the temperature and maintained it at a value between 16 and 22 • C until the end of the experiment. As a result, the degradation in the biobarrier increased until it reached a maximum value of 60.5% between 350 and 400 h. Then, the degradation started to decrease, notably after the 400 h time point probably because the pH had decreased below 4. The experiment was halted at 500 h because the degradation percentage continuously decreased.
Orange G concentrations measured simultaneously in the biobarrier and at the aquifer outlet were very similar when the steady state was reached. This finding suggests that the potential growth of microorganisms in the aquifer because of the non-sterile conditions had no significant effect on Orange G degradation.
Glucose consumption was relatively low; glucose concentration decreased from 0.037 to 0.026 ± 0.01 g glucose g −1 dry weight h −1 across the biobarrier, depending on temperature.
Temperature and pH affect the degradation percentage of Orange G and glucose consumption by the fungus. In aquifers, the temperature remains relatively constant throughout the year [37] , but it is lower than 25 • C, which is the optimal temperature for the degradation activity of T. versicolor [38] . Therefore, a study to evaluate the dye degradation rates and glucose consumption rates at different constant temperatures and initial pH values was performed. Moreover, the glucose concentration at the biobarrier outlet must be almost zero to avoid an increase in the aquifer chemical oxygen demand (COD), which would promote the growth of microorganisms present in the aquifer.
Batch degradation experiments at different temperatures
The batch experiments designed to measure the degradation of SDW were performed at 15, 18, 20 and 25 • C and initial pHs of the medium of 6 and 7 for each temperature. The chosen temperature and pH values were in the range observed for groundwater [39] .
The results of the degradation experiments show that T. versicolor is able to degrade significant quantities of Orange G at all temperatures and achieve final degradation percentages higher than 89% in all cases (Table 2) . These results are the first evidence of the ability of this fungus to degrade this pollutant at temperatures below 25 • C. Previous studies of Orange G degradation by this fungus were only performed at 25 • C [25] . Decreasing the temperature increases the time required to reach a degradation percentage over 89% (Table 2) . Other studies have also demonstrated the ability of WRF to degrade pentachlorophenols and PAHs present in soil at temperatures between 15 and 17 • C [17] ; but in solid phase treatment that is the fungus' natural habitat.
Initially, the dye concentration decreased slowly over a long period of time (Fig. 3) ; in this case, the time prior to 49 h could be considered a lag period. The main cause for this phenomenon is the high initial pH compared to the pH of 4.5, which is optimal for the metabolic activity of T. versicolor [25] . This difference in pH slows the degradation reaction until the fungus acidifies the medium to a value close to the optimum pH. The medium acidification rate caused by the fungus varies with the temperature; this variation is the main reason that the lag period for degradation increases as the temperature decreases. At 49 h, when pH is approximately equal to the optimal value, Orange G degradation increased notably, and a final degradation percentage of 89.2% was achieved 10 h later.
Varying the initial pH of the medium between 6 and 7 did not affect the degradation efficiency of the dye in terms of the reaction time (Table 2 ). In addition, pH values at the end of the experiments were notably lower than the optimum value. In the lab-scale aquifer, the pH value in the biobarrier is a key parameter affecting the degradation efficiency. Therefore, a pH controller is necessary to maintain the pH at approximately the optimal value during the experiment and avoid excessive acidification of the medium. The pH decrease is caused by the production of different acidic compounds by the fungus, and pH values less than the optimal value can reduce the metabolic activity of T. versicolor [40] . Fig. 5 (Supplementary material) shows the evolution of the degradation under the other temperature conditions tested and initial pH levels tested.
Supplementary material related to this article can be found, in the online version, at http://dx.doi.org/10.1016/j.jhazmat. 2013.09.004.
The decrease in Orange G concentration can be fitted to a first order kinetic equation, as has been reported previously for the degradation of different dyes by WRF [26, 41, 42] . In all cases, the kinetic equation was fitted only to dye concentration values during the period of maximum degradation (Fig. 3) ; the concentrations in the initial lag period were not used. A good fit of the kinetic equation to the experimental values was obtained, resulting in a correlation coefficient (r 2 ) higher than 0.96 in all cases. The first order kinetic constant (k) ( Table 2 ) increased significantly with temperature, reaching a maximum value at 25 • C for both initial pH values. The k values obtained for both pH values at the same temperature are similar because the degradation of Orange G only starts when the pH of the medium has decreased significantly and is close to pH 4.5. Thus a constant average value for degradation can be obtained at each temperature ( Table 2) .
The dependence of k on temperature (T) can be expressed using the Arrhenius equation, and the activation energy (E a ) for Orange G degradation by T. versicolor can be calculated for each initial pH (Eqs. (3) and (4)). Obtaining the Arrhenius equation parameters allows determining the value of k at a certain temperature, which can be useful to determine the HRT and the consumption of glucose of a continuous PRB containing fungi. This calculation is possible because when the system reaches the steady state, the pH will approximate the optimal value, and the dye concentration decrease should follow first order behaviour.
when the initial pH is 6 and r 2 is 0.99.
when the initial pH is 7 and r 2 is 0.96.
where R is 8.
The difference between activation energies is less than 10%, which also demonstrates the marginal effect of the initial pH of the medium (between 6 and 7) on the degradation process (Eqs. (3) and (4)).
Therefore, a lab-scale biobarrier operating on a continuous mode at a temperature between 15 and 25 • C is viable. However, if the temperature changes during the operation of the biobarrier, the fungus must adapt, which reduces the degradation efficiency, as was observed in experiment 1 (Fig. 2) .
Despite the lack of a clear trend with increasing temperature (Table 2) , differences between the glucose consumption rates are observed for both pHs at high (20-25 • C) and low (15-18 • C) temperatures. These results show that it is necessary to calculate the glucose consumption rate at the temperature at which the treatment is performed when the steady state is reached. Accordingly, the addition of glucose can be matched to the rate of consumption by the fungus, and accumulation in the biobarrier outflow can be avoided.
Once Results obtained from batch experiments at different temperatures and pH values indicate that T. versicolor can potentially be used as a biobarrier. As shallow aquifers tend to have a temperature similar to the annual average air temperature of the area in which they are located [37] , T. versicolor can be used in many subtropical and temperate zones [43] . Even in cooler, temperate areas, T. versicolor may be used if we consider that urban areas tend to increase the average groundwater temperature [44] .
A lab-scale aquifer experiment under controlled conditions
To verify the results obtained from the batch experiments, experiment 2 was performed under non-sterile conditions at a constant temperature of 18 • C and a water composition similar to natural groundwater (Section 2.4.2).
The degradation in the biobarrier increased from the beginning of the experiment until it reached a maximum value of 98% at 159 h (Fig. 4) . At this point, the degradation began to decrease slowly but remained above 85% until 328 h. NaOH solution was used to control the pH in the biobarrier from the beginning of the experiment to 328 h to maintain the pH above 4.5 in the biobarrier. Between 1 and 138 h, a total amount of 0.002 g of NaOH L −1 wastewater h −1 was used. Subsequently, the pH reached a value slightly higher than 4.5 without the addition of NaOH. Although the optimal pH for T. versicolor is 4.5, the pH was not modified because the degradation efficiency was high.
Between 328 and 352 h, the outlet tube was clogged because of technical problems, which modified the experimental conditions in the biobarrier: the pH increased to 6.52, and the degradation decreased to 63%. After 352 h, normal flow was restored, and the pH was controlled with HNO 3 to maintain the optimal pH of 4.5. After the restoration of the outflow and pH control, the degradation increased again to 90% at 376 h. However, after this period of time, the degradation decreased to 42% at 544 h due to previous technical problems in the aquifer that altered the pH in the biobarrier for at least one day. The experiment was ended at this time.
Similar to experiment 1, Orange G concentrations measured simultaneously in the biobarrier and at the aquifer outlet were very similar when the steady state was reached. Thus, the possible growth of microorganisms in the aquifer did not significantly affect Orange G degradation.
The significant rate of Orange G degradation that was maintained over several days in this lab-scale aquifer at non-sterile conditions (Fig. 4) validates the values obtained in the batch experiments.
One of the problems of using T. versicolor for real in situ groundwater treatment is the reduction in pH caused by the activity of the fungus. To improve the applicability of this fungus as a PRB, during experiment 2, the outflow water (pH 4.5) was forced to flow through a reservoir of carbonate sand with a residence time of 36 h. This treatment increased the pH to 7.9. When applying this technology at the field scale, the PRB can be surrounded with carbonate gravel at the outflow side instead of other geological materials to maintain the initial pH value of the aquifer. Alternatively, a basic compound (NaOH or carbonate salt) can be added to increase the pH of the biobarrier outflow.
To perform long-term, continuous treatment at field scale, it will be necessary to develop a strategy of biomass renovation in the biobarrier to maintain stable fungal activity for as long as possible. Blánquez et al. [45] determined a strategy to purge and renovate the biomass. Their method consisted of partially replacing the biomass in a continuous treatment mode to degrade the Grey Lanaset G dye with T. versicolor in a bioreactor at 25 • C and pH 4.5. In that experiment, 1/3 of the biomass was replaced every 7 days to obtain a cellular retention time of 21 days. In the case of PRBs, a similar strategy will be suitable to assure successful in situ treatment over an extended period of time.
Conclusions
A PRB using the fungus T. versicolor under non-sterile conditions and continuous flow in a lab-scale aquifer was shown to degrade the test pollutant Orange G. The maximum Orange G degradation was 97%. Continuous degradation over 85% was achieved for more than 8 days. The pH, bicarbonate concentration and temperature at which the degradation occurred indicate that this technology can be used in real aquifers.
The glucose and ammonium chloride addition rates were matched with the rates at which they were consumed by the fungus to avoid an increase in the chemical oxygen demand (COD) of the aquifer. In a real, field-scale PRB, glucose would be directly added to the biobarrier. Sterile glucose would not be necessary because of the large amount of fungi biomass present in the PRB, which could accommodate a low volume of highly concentrated glucose solution. The high glucose concentration would inhibit microorganism growth during storage. Furthermore, as the fungal activity reduces the pH to approximately 4.5, the activity of autochthonous bacteria in the barrier would be low [46] . The addition of a base compound, such as NaOH, directly to the biobarrier to maintain a pH at 4.5 would allow keeping pollutant degradation efficiency at a high level for a longer period of time.
In contrast with other PRB technologies, the use of T. versicolor or other WRF would allow for several types of pollutants to be treated. Therefore, this technology, which only uses one organism, can potentially be applied to treat contamination sites containing different pollutants.
More research is needed to determine the ability of the fungus to degrade a pollutant present in a real aquifer or how natural hydrogeological conditions will affect the degradation efficiency (e.g., autochthonous bacteria and water composition). However, a recent study has demonstrated that T. versicolor is able to persist in non-sterilised sewage sludge for a long period of time [47] . Furthermore, the optimal pH for pollutant degradation by the fungi is in the acid range, which favours the fungi in their competition with autochthonous bacteria in the aquifer. In conclusion, this study indicates that the application of WRF in a PRB is a viable strategy that can be tested at field scale in the near future.
